The evolution of mammalian olfaction is manifested in a remarkable diversity of gene repertoires, neuroanatomy and skull morphology across living species. Olfactory receptor genes (ORGs), which initiate the conversion of odorant molecules into odour perceptions and help an animal resolve the olfactory world, range in number from a mere handful to several thousand genes across species. Within the snout, each of these ORGs is exclusively expressed by a discrete population of olfactory sensory neurons (OSNs), suggesting that newly evolved ORGs may be coupled with new OSN populations in the nasal epithelium. Because OSN axon bundles leave high-fidelity perforations (foramina) in the bone as they traverse the cribriform plate (CP) to reach the brain, we predicted that taxa with larger ORG repertoires would have proportionately expanded footprints in the CP foramina. Previous work found a correlation between ORG number and absolute CP size that disappeared after accounting for body size. Using updated, digital measurement data from high-resolution CT scans and re-examining the relationship between CP and body size, we report a striking linear correlation between relative CP area and number of functional ORGs across species from all mammalian superorders. This correlation suggests strong developmental links in the olfactory pathway between genes, neurons and skull morphology. Furthermore, because ORG number is linked to olfactory discriminatory function, this correlation supports relative CP size as a viable metric for inferring olfactory capacity across modern and extinct species. By quantifying CP area from a fossil sabertooth cat (Smilodon fatalis), we predicted a likely ORG repertoire for this extinct felid.
Introduction
Reliance on olfaction for existence varies widely across mammal species. Mammalian olfactory systems have acquired and lost olfactory traits in response to shifts in chemosensory demands over evolutionary time, resulting in extensive genomic and anatomical diversity. The keen sense of smell shared by most mammals is mediated by the olfactory receptor gene (ORG) superfamily [1] . Through repeated gene duplication, gene loss and pseudogenization, ORG repertoires have diverged [2] and the number of ORGs (functional as well as pseudogenes) now spans approximately two orders of magnitude across living taxa [3, 4] .
Inside the mammalian nose, or snout, ORGs are the primary agents of odorant detection. Each intact ORG encodes a specific odorant receptor that is expressed in the membrane of olfactory sensory neurons (OSNs) [1] . Each OSN expresses a single ORG [5] , and each ORG is expressed by its own unique population of thousands of OSNs [6, 7] . Multiple ORG-specific populations of neurons contribute to the olfactory epithelium, which is variable in & 2018 The Author(s) Published by the Royal Society. All rights reserved.
size across species [8, 9] . The olfactory pathway is completed via axonal projections from all OSN populations, which travel from the periphery through the cribriform plate's (CP) foramina, or perforations, to reach their first relay station in the brain, the olfactory bulb [10] .
The CP (figure 1) is a part of the ethmoid bone that forms early in development to surround assembling olfactory nerves [11] and is the only passageway to the brain for OSN axons in adult mammals. Consequently, its foramina are a high-fidelity imprint of the relative innervation within an animal's snout [12] (electronic supplementary material, movie S1). Aside from small amounts of connective tissue, cerebrospinal fluid, terminal nerve fibres and occasional small vessels, the tissue passing through the CP is composed solely of OSN axon fascicles [13] . Therefore, the size of the CP and its foramina area may be reasonable indicators of the relative number of OSNs transmitting odour signals to the olfactory bulb. The CP is a signature trait of Mammalia [14] and is present in all crown species, with the exception of odontocetes (toothed whales), where it is thought to be lost [15] . CP morphology varies widely across mammal species (figure 1) likely reflecting the relative importance of olfaction [9, 12, 16] . Two metrics of CP morphology, overall surface area and cumulative cross-sectional area of foramina, covary across species [12] . Previous studies have established strong correlations between the surface area of CP and other olfactory structures, such as ethmoturbinal bones and the olfactory epithelium that lines them [9, 12] .
The expression of individual ORGs by distinct populations of OSNs and the early formation of CP bone around developing OSN axon bundles suggest that evolutionary gains or losses in ORG repertoires will be manifested in skull morphology as either an expansion or reduction in the CP. However, the relationship between CP morphology and ORG repertoire size is poorly resolved. The sole paper to explore this relationship found a significant but weak positive correlation between absolute CP surface area and total number of ORGs that disappeared when CP size was adjusted for body size [17] . One limitation of this pioneering study was its sole reliance on linear measurements to estimate CP surface area and its handling of the irregularly shaped CP as a generalizable ellipsoid. Here, we revisit the link between CP skull morphology and the number of ORGs, both functional and pseudogenized [2-4,18 -20] with updated digital methods. We use high-resolution computer tomography (CT) scans of skulls and threedimensional imaging software to carefully map only the perforate surface of the CP in 27 species with identified ORG repertoires (electronic supplementary material, S2 and S3). Furthermore, where the previous work adjusted for body size by dividing estimated CP area by skull area, we use residuals from the scaling relationship between CP surface area and body mass to define relative CP size. These methods allow us to more precisely test the hypothesis that the developmental relationship between ORGs and OSNs is witnessed in skull morphology. Specifically, CP size is expected to covary with the number of functional ORGs. Additionally, because a number of studies have used the percentage of OR pseudogenes within species' genomes to infer relative olfactory ability [21] [22] [23] , we examined the relationship between CP size and pseudogenes (fraction as well as absolute number).
In our investigation of the relationship between CP morphology and ORG count, we rely on the assumption that ORG repertoire size is an informative metric of relative olfactory function. We acknowledge there is no single definition for olfactory function or ability. Olfactory ability is variously described in terms of detection threshold [24, 25] , odorant discrimination [26] and identification [27] , and breadth of detectable odorants rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20180100 [28] . Given that, we point to studies in which the number of functional ORGs is correlated with a species' ability to discriminate between structurally related odorants [25, 28] . Additionally, because odour detection is shown to be mediated by a combinatorial process, whereby a single OR detects multiple odorants and a single odorant activates multiple ORs [28, 29] , we reason here that a larger ORG repertoire may be coupled with a larger palette of detectable odorants as well. Despite this, a recent review [30] argued that there is no clear link between ORG repertoire and olfactory ability. Notably, the review overlooked behavioural studies mentioned above, which contradict this assumption [26, 31] . Finally, using the significant relationship we found between CP size and ORG number, we applied our new osteological metric of relative CP size to a fossil skull to produce an estimate of ORG repertoire for the extinct mammal species, sabertooth cat (Smilodon fatalis) and to infer Smilodon's reliance on olfaction compared with extant felids.
Material and methods (a) Specimens sampled
We sampled skulls from 27 living species with annotated genomes and OR subgenomes (electronic supplementary material, S2), plus two species, one extinct (sabertooth cat, S. fatalis) and one extant (gray wolf, Canis lupus), with no molecular data. Species body masses ranged from less than 0.1 kg (little brown bat, Myotis lucifugus) to greater than 2900 kg (African elephant, Loxodonta africana) and covered 14 mammalian orders and all superorders [32, 33] . Availability permitting, we selected two ( preferably one male, one female) wild-caught, adult specimens per species from museum and university collections (electronic supplementary material, S3). We recognize that the per-species sample size is low, but limited availability of specimens, high scanning costs and labour-intensive data collection prohibited a deeper sampling. We are confident the low specimen count does not bias our results, as the median intraspecific range in CP surface area (log 10 ) is 1.49% of the overall sample range (electronic supplementary material, S4).
(b) Morphological data collection
With the exception of the elephant, all skulls were scanned on high-resolution industrial CT scanners (Phoenix vjtomejx-s TM , nanotom-s, nanotom-m TM , North Star Imaging ACTIS TM and Nikon Metrology XT-H-225-ST TM ) (electronic supplementary material, S3). In all but three specimens, voxel size ranged from 0.008 to 0.045 mm. Owing to its size, the elephant skull could only be accommodated by a Definition-AS64 TM medical scanner (Siemens Healthineers, Forchheim, Germany) and thus was captured at somewhat lower resolution (0.5 mm voxels).
Three-dimensional digital models were constructed for each skull. CT scans were imported into the visualization software package Mimics (v. 15.0-18.0, Materialise, Leuven, Belgium). From each skull scan, the CP was segmented into two-dimensional masks delineating bone from non-bone, then reconstructed into three-dimensional models. The first metric, CP surface area, includes only the portion of the CP perforated by foramina carrying olfactory nerves (electronic supplementary material, S5). To quantify CP surface area, a continuous surface was generated in the imaging program 3-matic (v. 7.0.1, Materialise) with a wrapping function that digitally fills the foramina. This surface was digitally cut at the perimeter of the perforated area and its area was calculated in 3-matic [12] . A second CP metric, the cumulative cross-sectional area of the CP foramina, is an estimate of the relative area occupied by olfactory nerve branches. Splines, or coordinate point rings, were applied to foramina perimeters in each Mimics CP model. All splines were imported into modelling software Rhinoceros-4 (McNeel and Associates). Non-planar surface areas for all foramina were calculated and tallied in Rhinoceros. Wherever multiple foramina fed into one larger foramen from rostral to caudal, we measured the caudal-most opening [12] . Quantifying CP foramina area is intensely time-consuming and prohibitive with damaged skulls or low-resolution CT scans. Therefore, the strong correlation between CP and CP foramina areas was used only to validate CP surface area as a stand-alone metric (r 2 ¼ 0.91, p , 0.0001; electronic supplementary material, S6).
Although we determined that the bottlenose dolphin (Tursiops truncatus) ethmoid bone has paired foramina connecting the nasal passage to the brain (electronic supplementary material, S7a), it is beyond the scope of this paper to validate the presence of OSNs or a vestigial CP by testing nasal tissue for known olfactory markers. Therefore, we omitted the dolphin from our quantitative analysis.
(c) Genomic data
We used published counts for functional and non-functional ORGs, which apply similar criteria for defining OR functionality [2 -4,18 -20] (electronic supplementary material, S8). Briefly, these publications defined pseudogenes as ORGs containing one or more of the following conditions: (i) a premature stop codon, (ii) frameshift mutations, (iii) in-frame deletions within a single transmembrane region and/or deletions of conserved amino acid sites [34] , and in one case, (iv) truncated genes with fewer than 250 amino acids and lacking all seven transmembrane domains [4] . OR pseudogenes are considered here to be non-functional [35] . ORGs are identified from whole genome sequences [34] . Wherever possible, studies using high-coverage genome assemblies were chosen; however, in order to construct a sufficient sample, published OR gene repertoires from some low-coverage assemblies were included in our study, including eight species with less than six times draft genomes [4] (assembly statistics; electronic supplementary material, S9). Genomic metrics used for this study include: (i) total number of ORGs, (ii) number of functional ORGs, (iii) absolute number of OR pseudogenes, and (iv) percentage of OR pseudogenes.
(d) Statistical analysis
Species means were derived for each morphological and genomic variable. Values were log-transformed in the analysis of linear relationships because data covered several orders of magnitude. ORG counts do not correlate with body size, so were presented here without scaling to body mass. By contrast, CP surface area does correlate with body size. Therefore, to determine CP size relative to body size, CP surface area was regressed against body mass values taken from the literature (electronic supplementary material, S8) using generalized least squares regression. Resulting residuals were used as relative CP size (RelCP) values in all subsequent analyses. When investigating the relationship between RelCP and ORG repertoires, reduced major axis (RMA) regressions were used so we could invert predictor and response variables and establish mutual prediction lines. Correlation coefficients and confidence intervals were derived from bootstrapped resampling of the data (10 000 iterations).
When a nonlinear, dual trend was apparent in one plot, an inflection point was first established based on grouping species with the largest gene counts (independent variable) and secondarily was calculated in the R package 'rpart', a recursive data-partitioning program [36] , and resulting data subsets were regressed separately.
To estimate a probable ORG repertoire for the sabertooth cat (Smilodon fatalis), we applied Smilodon RelCP as new data to the rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20180100 regression equation derived from the relationship between RelCP and functional ORGs in our larger sample. An estimated ORG range for Smilodon was calculated within the 95% CI around the regression line, derived by bootstrap resampling of the data. Finally, to account for phylogenetic relatedness and covariance in all relationships between variables, we performed phylogenetic generalized least squares (PGLS) analysis (R Caper package) [37] with a time-calibrated mammal phylogeny [38] . Summary statistics for PGLS regressions are given in electronic supplementary material, S10. All analyses were conducted in R v. 3.3.1 [39] . Custom R code is available upon request from the corresponding author. 
Results
, but among species with lower pseudogene counts (less than approx. 500), there is no relationship. Cleaving the sample with the purely data-driven R program 'rpart' adds one more species to the group with the largest pseudogene counts but renders a similarly robust correlation within this group between RelCP and pseudogenes (electronic supplementary material, S10). Second, we found no linear correlation between RelCP and the percentage of pseudogenes (r 2 ¼ 0.12, p ¼ 0.09) (figure 3b).
The pattern is somewhat V-shaped, as species with the largest (elephant) and smallest (platypus, among others) RelCPs have similarly high proportions of pseudogenes.
(c) Morphologic and genomic diversity
Our sample of species includes outstanding examples of olfactory disparity. The African elephant possesses the largest CP ever recorded, a deep concavity with approximately 1000 nerve passageways ( figure 4 ). This is consistent with reports that elephants have undergone extreme expansion of their ORG repertoire [3] . The nine-banded armadillo (Dasypus novemcinctus) has the second largest RelCP, outranking even the domestic dog (C. familiaris) (figures 1a,c and 2b; electronic supplementary material, S8). All large apes share coupled reductions in ORGs and CP morphology (figures 1f and 2a-c). The smallest RelCP in our sample belongs to the Philippine tarsier (Tarsius syrichta), a species with a concordantly small functional ORG repertoire (approx. 90 compared to approx. 781 estimated for the most recent common ancestor of placental mammals) [3, 4] ( figure 4 ; electronic supplementary material, S7b). The notable outlier, the bottlenose dolphin (Tu. truncatus), possesses only approximately 12 functional ORGs [4] and has likewise lost all obvious CP landmarks. Closer inspection of digital models, however, revealed a pair of branched foramina in the ethmoid bone that connect nasal passages to the cranium but whose function is not certain (electronic supplementary material, S7a).
(d) Predicting olfactory function in an extinct sabertooth cat
The linear correlation between functional ORG number and relative CP size apparent in our sample of living species was used to estimate a likely repertoire of functional ORGs for an extinct mammal species. For this, we chose the Pleistocene sabertooth cat (S. fatalis) from the Rancho La Brea tar seeps, for which a CT scan was available [40] . With the aid of high-resolution CT scans and imaging software, we distinguished CP bone from its surrounding asphaltum matrix and quantified a fossil CP surface area for the first time. RelCP was estimated as the residual from the regression of CP surface area against body mass among all sample species (electronic supplementary material, S12a). Based on RelCP, Smilodon is predicted to have had approximately 600 (521, 685; 95% CI) functional ORGs (figure 2d), a number similar to that identified for the other felid in our sample, the domestic cat (Felis catus) [19] . When viewed in the context of existing morphological data from 10 living felids [12] , CP surface area of Smilodon falls well within the range of variation found among these cats, but also has a relatively smaller RelCP size than all species but the cheetah (Acinonyx jubatus) and the fishing cat (Prionailurus viverrinus) (electronic supplementary material, S12b and S13)
Discussion
Our study places the CP at an intersection of olfactory genomics, development and evolution. The strong linear correlations between relative CP size and number of functional ORGs as well as total ORGs ( figure 2b,c) ORG is expressed by thousands of OSNs, which together contribute to the size of the olfactory epithelium [6, 7] . Additional research has shown that olfactory epithelium and CP surface areas are correlated [9] . Results from our study bridge these findings by establishing a direct, linear biological relationship between the size of the OR subgenomes and the relative size of the CP (RelCP). Our results contradict previous research that found no correlation between ORG number and CP surface area adjusted to body mass [17] , although the authors did find a weak correlation between ORG repertoire size and absolute CP surface area. In large part, the differences here can be explained by our contrasting approaches to the confounding factor of body size. As with most morphological features, CP area increases as a function of body size (r 2 ¼ 0.82), making comparisons across species that span several orders of magnitude in body mass difficult. For example, the absolute CP surface area is far smaller in the rat (Rattus norvegicus) than the human, yet the former has an ORG repertoire [3, 4] and discriminatory ability [28] that exceed that of the latter. This suggests that a correlation between CP size and ORG number needs to be viewed relative to body size. Our ability to recover this relationship also benefited from the application of precise digital methods to estimate CP surface area from high-resolution CT scans. In a reanalysis of RelCP versus ORG number using CP surface area estimated from linear metrics in lieu of digitally derived data, no significant correlation was found. Nevertheless, there is some scatter in the plot of RelCP size against ORG repertoire (figure 2b,c) that deserves attention. An important factor contributing to the scatter is likely the inclusion of a number of low-coverage draft genomes in our sample (electronic supplementary material, S9, S14a,b). Classification of ORGs is less reliable in low-coverage genomes owing to inherent sequencing gaps as well as overcollapse in regions with segmental duplications [4, 41] . Because intact, functional ORGs are more likely to be misidentified as truncated and are generally undercounted [4] , we expect their number to increase in low-coverage species as genome assemblies are improved. We note here four cases (elephant, rabbit, dog, cat) in which we can compare the number of functional ORGs identified from low-coverage draft genomes (1.5 -2Â) with those counted from current, higher coverage assemblies (greater than or equal to 6Â). In these cases, the genomes rendered on average 39.7% more functional ORGs from higher coverage assemblies than from initial draft genomes. This measure of increase, applied to the 12 low-coverage species in our sample, OR pseudogenes are considered to be non-functional [2, 3, 22, 35] . For this reason, it was surprising to find a distinct association between CP morphology and the absolute number of OR pseudogenes. While there is a weak linear correlation between RelCP and pseudogenes, there appear to be two separate trends in the data ( figure 3a) . Only among species with the largest pseudogene count is RelCP positively correlated with the absolute number of pseudogenes. This trend appears to be exponential, due to the strong influence of the armadillo and elephant. This distinct pattern raises the question why most species with high numbers of pseudogenes in their ORG repertoires have the largest RelCPs. Or, asked differently, when axes are inverted (electronic supplementary material, S15a), why have a number of species with particularly large RelCPs retained high numbers of pseudogenes in their OR repertoires? Here, we consider alternative evolutionary scenarios for this pattern. First, lineages leading to large-CP species may have undergone fairly recent ORG expansions generated by repeated gene duplication events. Although a fraction of new ORGs may have been conserved under adaptive pressure (e.g. to enhance detection of specific odorants), one would predict that many duplicates would degenerate by random mutations, due to relaxed selective pressure [35] , and may have persisted in the genomes for short periods of time before degenerating to sequences no longer recognized as ORGs [42] . This is consistent with the observation that species with relatively high numbers of OR pseudogenes also have some of the largest repertoires of functional ORGs (electronic supplementary material, S15b). Alternatively, the pattern of high pseudogene concentration in large-CP species may signal constraints in either CP size or ORG repertoire size and a concomitant increase in pseudogenization of ORGs. A large ORG repertoire is costly, as every OSN in each OR-specific subpopulation is regenerated throughout an animal's lifetime [43] . Similarly, large CPs carry a structural risk, in that densely perforated bone is thinner and more easily fractured than surrounding cranial bone [44] . Notably, the two largest CPs occur in skulls with features that, while otherwise adaptive, may offer secondary reinforcement to the fragile CP, for example, dermal armour in the armadillo [45] and a thick periphery of highly pneumatized bone surrounding the brain in the elephant [46] (electronic supplementary material, S16). Finally, we consider the possibility that OR pseudogenes, traditionally assumed to be functionally inert and neutral [22, 35] , may be biologically active, transcribed into long non-coding RNAs (lncRNAs) and therefore conserved in species with expanded olfactory systems. As demonstrated for the tumour-suppressor PTEN gene, non-coding pseudogene transcripts can act as decoys for microRNAs (miRNA) that target the parent gene, thereby mitigating the effects of translational repression mediated by the miRNAs [47] . A potential role for OR-derived lncRNA transcripts as miRNA sponges might be investigated, particularly in the light of recent findings that coding ORG transcripts in mice have lost many miRNA binding sites, effectively reducing the modulatory impact of miRNAs on expression levels [48] .
Numerous researchers have linked the evolutionary loss of olfactory function with the fraction of pseudogenes in ORG repertoires [4, [21] [22] [23] . However, our study found no significant linear correlation between the percentage of pseudogenes and the RelCP (figure 3b). These results support the argument that the percentage of pseudogenes is a poor predictor of olfactory ability [3, 18] .
The strong link documented here between skull morphology and a wide dynamic range of ORG repertoires invites us to examine the olfactory ecology of individual sample taxa. Our sample offers outstanding examples of olfactory expansion and reduction that might be explained by differences in dependence on olfaction in life history. For rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20180100 example, the African elephant possesses by far the largest RelCP and ORG repertoire [3] of any mammal studied, suggesting that elephants are heavily reliant on olfaction for their survival. This is consistent with the elephant's numerous unparalleled olfactory specializations, among them, extremely dense ethmoid turbinals (electronic supplementary material, S17), compact multiple layers of glomeruli in the olfactory bulb [49] and its signature mobile proboscis. In accordance with these anatomical features, behavioural experiments reveal a striking complexity of odour recognition among elephants. Specifically, they recognize up to 30 individuals within their kin group from urine cues alone [50] and can differentiate between two human ethnic groups by sniffing odour cues from worn garments [51] .
Interestingly, we found the nine-banded armadillo (D. novemcinctus) has one of the largest olfactory systems in our sample (figure 2b). It is reasonable to view the armadillo as reliant on a strong sense of smell, given its degenerate vision. As a rod monochromat, the armadillo has no cones, resulting in colour blindness and low visual acuity in dimlight and total blindness under phototopic, or bright light, conditions [52] . Given that the nine-banded armadillo shares rod monochromacy with at least two other xenarthrans, Hoffman's two-toed sloth (Choloepus hoffmanni) and the extinct ground sloth (Mylodon darwinii) [52] , a broader examination of CP morphology among xenarthrans is warranted.
Domestic dogs (C. familiaris) are thought to have a welldeveloped sense of smell and are reliable drug sniffers and olfactory scouts [53] . However, dogs are surpassed by five other species in RelCP as well as ORG count. Conceivably, the breeds chosen for our sample may have variably influenced the estimated CP size for the dog. Of the four, only the dachshund is considered a scent hound, whereas two (borzoi and saluki) are considered sight hounds and one is brachycephalic, or short-snouted (French bulldog). It has not yet been established whether selection for keen sightedness or foreshortened snouts imposes constraints on CP morphology or ORG repertoires. A more focused examination of the CP/ORG relationship among dog breeds is a necessary next step. Additionally, we might consider that non-olfactory traits selected for in dogs, such as tameness and trainability [54] , may play a role in dogs' success as odour detectives. In future comparative studies of the olfactory anatomy in domestic versus wild species, the dog will certainly be a target species. Interestingly, the domestic dog has a smaller CP for its size than does the gray wolf (C. lupus), whose ORG repertoire is presently unknown (electronic supplementary material, S12c) [12] . Based on its larger RelCP, the wolf is expected to have a larger ORG repertoire than the dog, but confirmation awaits the analysis of new genomic data [55] .
Several of our sampled species with exceptionally small CPs and ORG repertoires rely on well-developed sensory modalities other than olfaction. For example, the tarsier, a nocturnal primate with pronounced visual specializations, such as enormous eyes and an enlarged primary visual cortex [56] , has a negligible CP (figure 4; electronic supplementary material, S7b). Similarly, the simplified CP of the semi-aquatic platypus (figure 4) may in part have been shaped by preferential reliance on an elaborate sensory system of electroreception adapted to underwater foraging [57] . The most striking example of olfactory loss and sensory trade-off is the bottlenose dolphin, a fully aquatic odontocete that relies on echolocation to locate prey. Studies variously report that CP foramina, present in fetal odontocetes, fully close in adults or that a few remain open and carry fibres only from the terminal nerve, a cranial nerve thought to play a role in pheromone response [15, 58] . Our digital models of adult dolphin skulls confirmed that there are indeed openings connecting the nasal passages to the brain in the ethmoid area (electronic supplementary material, S7a). To be certain, the dolphin shows profound degeneration in its olfactory system, including the pseudogenization of two genes involved in olfactory signal transduction CNGA2 and CNGA4 [59] and a nearly complete loss of a functioning OR subgenome. However, given that the dolphin has retained a small repertoire of approximately 12 intact ORGs and rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20180100 perforations in the ethmoid bone, nasal tissue surrounding these openings needs to be tested for possible expression of known OSN markers (e.g. OMP, Gng13, Stoml3) [59, 60] before fully excluding a vestigial presence of sensory neurons and other olfactory anatomy in this odontocete.
An important goal of this study was to establish the CP as an osteological correlate of olfactory function, a metric applicable to extinct species. Here, we used the linear relationship between RelCP and ORGs to predict the likely number of functional ORGs for the extinct sabertooth cat (S. fatalis) from its CP morphology. Smilodon's CP and predicted ORG count positions the Pleistocene felid close to, but slightly below, the domestic cat in our olfactory scale (figure 2d). When compared with 10 living felids, Smilodon has, for its body size, a somewhat smaller CP than most felid species (electronic supplementary material, S12b), but this should be confirmed with a sample that includes multiple individuals of each species. If a relatively smaller CP for Smilodon is confirmed, then it may have been less reliant on olfaction than the similarly large extant felid, the African lion (Panthera leo). If so, it would be interesting to estimate Smilodon's relative reliance on alternative sensory modalities (e.g. hearing, vision) as possible evidence of compensatory adaptations.
Conclusion
The strong relationship we observed between CP morphology and ORGs contributes to our understanding of olfactory biology in several ways. First, the RelCP/ORG correlation illuminates an underlying developmental intersection of genes, neuroanatomy and skull morphology along the peripheral olfactory pathway from nose to brain and points to the need for future work that addresses the mechanisms linking ORGs and the generation of OSN populations in the nasal epithelium.
Second, these results suggest that the coupling of genes and morphology provides a coherent molecular-morphological metric, with which we can make strong inferences about relative olfactory ability in individual mammal species. Finally, CP size is reinforced here as a stand-alone indicator of the relative importance of olfaction across mammals and a metric that can be applied to extinct species, from which molecular data can no longer be extracted.
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